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etamaterials offer many novel

possibilities to manipulate and

control the propagation of elec-
tromagnetic waves."? Typical metamateri-
als are created by a system of resonant
subwavelength elements for which electric
and magnetic responses can be varied and
modified independently. The artificial mag-
netism at high frequencies is based on the
inductive response of normal metals,? and it
was demonstrated for metal—dielectric
“fishnet” structures® and arrays of split-ring
resonators.” In such cases, the optically in-
duced “ferromagnetic” (FM) ordering of in-
duced magnetization of the whole structure
is utilized in order to achieve the negative
magnetic response required for left-handed
metamaterials.>~® We would like to note
that such terminology borrowed from solid-
state physics should be used with cau-
tion. The difference between static and
optically induced magnetization has
been already discussed in the literature.®
However, many novel magnetic phenom-
ena are expected in systems with staggered
magnetization, i.e., with “antiferromagnetic”
(AFM) ordering."" One of the well-known
examples of such novel phenomena is
related to the existence of giant magneto-
resistance.'?” '

A canonical subwavelength artificial mag-
netic “meta-atom” is represented by a famil-
iar split-ring resonator (SRR) that consists of
an inductive metallic ring with a gap. Such
a SRR can support an eigenmode with a
circular current that gives rise to a local
magnetic dipole moment,”® which can be
considered as a magnetic counterpart foran
electric dipole. This is one of the simplest
examples demonstrating that a nonmagnetic
material can possess a nonzero induced mag-
netization. By nonmagnetic material we mean
a material whose bulk magnetization is zero
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We propose a novel type of hybrid metal—dielectric structures composed of silicon

nanoparticles and split-ring resonators for advanced control of optically induced magnetic

response. We reveal that a hybrid “metamolecule” may exhibit a strong distance-dependent

magnetic interaction that may flip the magnetization orientation and support

“antiferromagnetic” ordering in a hybrid metamaterial created by a periodic lattice of such

metamolecules. The propagation of magnetization waves in the hybrid structures opens new

ways for manipulating artificial “antiferromagnetic” ordering at high frequencies.
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in the presence of a static magnetic field.
The case of time-dependent fields becomes
trickier since due to Maxwell's equations
both electric and magnetic components
intervene. There are other classical exam-
ples where the magnetization can be in-
duced by electric field only,'® including the
inverse Faraday effect.'”” The latter allows
creating static magnetization from rectified
circular polarized light. The SRR-based design
was the first and most frequently used for
metamaterials, with unprecedented values
of negative magnetic permeability at high
frequencies.'®'® However, the performance
of SRR-based metamaterials at optical fre-
quencies is limited by high conduction losses
of the constitutive metallic elements and
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the kinetic inductance of the electrons. Another exam-
ple of plasmonic nanostructures that supports strong
magnetic resonances is perforated semishells.>° These
structures can be viewed as 3D analogues of SRRs.

To improve the overall performance of metamaterials
at optical frequencies, one can employ dielectric particles
with low or negligible losses in the visible spectrum. By
using the Mie theory?' it can be analytically demon-
strated that the scattering of electromagnetic waves by a
small nonmagnetic dielectric particle may exhibit a
strong magnetic resonance. This resonance occurs when
the wavelength inside the particle 1s = A¢/ns approxi-
mately equals its diameter 2Rs, where 4, is the incident
wavelength and ns and Rs are the refractive index and the
radius of the particle, respectively. A nonzero magnetic
dipole moment (coefficient b, in Mie theory?') arises due
to circulation of the displacement currents. The effect is
similar to the appearance of the induced nonzero mag-
netization of SRRs, with the only difference that displace-
ment currents do not contribute to Joule's heating.
At such resonant conditions the tangential components
of the electric field polarization are antiparallel on the
different sides of the sphere along the propagation
direction, resulting in a strong overlap with the magnetic
mode. Thus, a dielectric particle can be considered as
another example of a magnetic-dipole scatterer of an
incident electromagnetic wave at the resonant wave-
length. This yields an increased magnetic field in the
near-field region around the particle. For the case of a
silicon sphere with the radius in the range R = 40—
100 nm the magnetic resonance can be located in the
visible spectrum.?? This makes such particles the best
candidates to achieve low-loss magnetic response at
high frequencies. In the case of magnetic moments of
different origin the overall magnetic response depends
on the geometry of the system.

In this paper, we demonstrate that optically induced
magnetic moments of a dielectric sphere and SRR can
effectively interact with each other when they are placed
in a close proximity (see Figure 1). An important finding of
our study is the demonstration of the ability for staggered
patterns to produce a distribution of the magnetic mo-
ments associated with optically induced AFM-like re-
sponse. Although, these are dynamically excited states,
at any given moment of time mutual magnetization of
the neighboring elements is antiparallel, which allows us
to call such a state AFM-like, in analogy with the spin
ordering in solids. In addition, one- and two-dimensional
lattices of such hybrid elements support novel types of
magnetization waves. The AFM-like response of the
hybrid metamaterials in the THz regime may offer a
range of useful applications, including sensing of mag-
netic fields. We would like to stress that there is a principal
difference between an optically induced magnetic dipole
and a static magnet (compass needle). Namely, the static
magnetic field does not influence the optically induced
magnetic dipole. However, it can be used in the dynamic
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Figure 1. Schematic of a hybrid metal—dielectric structure
consisting of silicon spheres coupled to copper split-ring
resonators.

regime for optically induced magnetization, direct observa-
tion of a propagating spin waves,>® and all-optical
magnetic recording with the use of magneto-optical
materials.?* Also the effective generation of magneti-
zation waves is similar to spin waves, which may carry
electrical signals through a dielectric medium.?

RESUTLS AND DISCUSSION

We start our theoretical analysis by employing
a coupled-dipole approach. In the long-wavelength
limit, when the characteristic sizes of a dielectric sphere
and SRR are much smaller than the wavelength of the
incident light, namely, Rs sgr << Ao, their optical proper-
ties can be described by the effective dipoles

P, = &0 Ep, my, = X1,2H0 (1)

where p; and m; are the induced electric and magnetic
dipoles of the dielectric sphere, m; is the magnetic
dipole of the SRR, as, s, and ysgg are the electric and
magnetic polarizabilities, and Eq and Hy are the incident
electric and magnetic fields. Since the electric response
of the SRR is very weak, it can be neglected.

The effective polarizabilities of the sphere can be
obtained from the corresponding scattering dipole
coefficients a; and b, of the exact Mie solution?’

a = 6ni%, 7= 6ni% 2
where k = 27/ is @ wavenumber and the magnetic
polarizability of SRR can be approximated as'> 7, =
Fo*/(wo? — w?), where wy is the resonant frequency of
a single SRR and F is a geometric factor.

To study the optical response of an interacting
dielectric sphere and a SRR, we employ the method
of coupled electric and magnetic dipoles®*~2% and
write the following system of equations:

d
P = Ol1{£oEo _E(n X mz)},

m; = y,{Ho+am; + b(n-my)n},
m; = y,{Ho+am; +b(n-ms)n —dc(n x p;)}

(3)
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where ¢ = 1/(gquo)"? is the speed of light, n is a unit

vector pointing from the sphere to the SRR, and the
coefficients a, b, and d describe the interaction be-
tween dipoles.?

kR 1 ik
= K —=4+—),
a 4nR< Rt R)

e R , 3 3ik
= — — - 4
b m( e R), @

kR ik
= K=
d 4nR( * R)

where R is the distance between the sphere and SRR.

For a sphere and SRR being aligned along the x-axis
[n = (1,0,0)] and the incident light propagating along
the z-direction [k = (0,0,k)], polarized with the magnetic
field along the y-axis [Ho = (0,H,,0)], the solution can be
written as follows:

(1 +ay, +d*ouy,)

my, = ,
k4 (1 — a1, +‘12‘117(2)){2 Y
(1 +ay,)
my, = H,
i (0 —a*x, +‘7'20L1Xz)%2 g
d
Pi,x = 80(11Ex:p1,z = - (E)qu],y

with all other components vanishing. This simple solu-
tion gives us a useful insight, and it provides the
information about the optical response of the hybrid
system in different limiting cases. For the case of a far
separated sphere and SRR, their magnetization will be
identical to the uncoupled system since a,d — 0 with
R — oo, resulting in mg 3, = x1.2H,. However, in the
opposite limit when the sphere and SRR are placed
very close to each other (R — 0), the situation changes
dramatically. The electric dipole moment of the sphere
contributes strongly to the magnetization of the
sphere itself since the cross-coupling coefficient d? o
R™* becomes larger in the leading order compared to
the self-coefficient a «< R~ for very small distances
R— 0. This self-action of the longitudinal electric dipole
on the sphere magnetization may result in the oppo-
site magnetic response compared to the case of the
uncoupled pair, depending on the relative signs of
oy and y,. Thus, by placing a sphere and SRR in close
proximity, we may expect the appearance of an AFM-
like response of the whole structure.

On the basis of the general analysis presented
above, we consider a small silicon sphere interacting
with a set of identical copper SRRs. To enhance the
magnetic response of the SRR, we use a multistack with
five layers. We optimize the parameters to ensure
strong interaction between these two elements. In
particular, the decoupled dielectric sphere and SRR
have close magnetic resonances ws = 281 THz and
wsgr = 250 THz, respectively (see Figure 2a). In our
numerical simulations, we confirm directly the exis-
tence of a strong optically induced magnetic coupl-
ing in the hybrid metamolecule. We observe that,
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Figure 2. Magnetic response of a silicon sphere coupled to
a multistack of SRRs. (a) Reflection curves of single elements
(single silicon sphere and multistack of SRRs) and of the
coupled structure. Two peaks of the coupled system corre-
spond to the magnetic resonances of isolated elements.
Resonant dip corresponds to the AFM-like excitation with
staggered magnetic polarizabilities. (b) Dependence of the
induced magnetization of the sphere and SRRs on the
distance between at the resonant frequency wawr = 257
THz. Below the critical distance R, ~ 1 um the ferromagnetic-like
magnetization switches to antiferromagnetic. Inset shows the
distribution of the induced magnetic field at the AFM-like
resonance.

in addition to red-shifting independent magnetic re-
sonances of the sphere and SRRs where the magnetic
response is dominated by one or another component,
there appears a novel, AFM-like response with antipar-
allel magnetization of both the elements of compar-
able strength in the vicinity of the SRR's magnetic
resonance warm = 257 THz. The longitudinal electric
dipole moment of the sphere induced by SRRs plays an
important role in the flipping the sign of magnetiza-
tion, when two elements are placed in close proximity.
Indeed, by studying the dependence of the magneti-
zation on the distance between two elements, as
summarized in Figure 2b, we clearly observe that both
elements exhibit a FM-like response for larger dis-
tances R > R, which changes to the AFM-like response
for smaller distances R < R, with staggered magnetiza-
tion. The distance-dependent magnetic response is a
unique feature of a hybrid structure. Such an effect does
not exist in systems consisting of either silicon spheres®
or SRRs**3! only, and it provides the opportunity
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Figure 3. (a) Comparison of the dispersion diagrams of two-dimensional lattices of spheres, SRRs, and hybrid sphere—SRR
system with the periodicity in the z-direction D, =350 nm. (b) Calculated propagation length and effective refractive index of a
finite structure. (c) Magnetic field distribution H, of a two-dimensional structure at the resonant frequency w = 260 THz. This
gives a typical example of the staggered two-dimensional checkerboard magnetization of the hybrid structure.

to control the overall effective magnetic response.
Thus, the role of SRRs in our hybrid metamaterial is to
control the relative phase.

Next, we consider a two-dimensional lattice of the
hybrid metamolecules that corresponds to a novel
hybrid metamaterial. Such periodic lattices of spherical
particles can be fabricated by laser-induced transfer
technique.? Due to spherical symmetry the induced
magnetic dipole of the spheres is always parallel to the
exciting magnetic field component. Thus, we consider
an in-plane TM polarized wave at normal incidence.
The AFM-like response of a single element implies that
the periodic structure may also exhibit a staggered
magnetization in the transverse direction, which is of a
resonant origin, and it is closely related to the AFM-like
response. However, in periodic structures we concen-
trate on staggered magnetization in the longitudinal
direction along the propagation. In Figure 3a we plot
the dispersion diagram of a two-dimensional lattice of
coupled hybrid metamolecules with a period D, =
350 nm in the z-direction and compare it with the
dispersions of the corresponding “monatomic” lattices
of silicon spheres and SRRs, with the same period. We
observe clearly the appearance of a new branch in the
coupled system corresponding to the staggered AFM-
like magnetization in the transverse direction. It is
interesting that in the vicinity of the band edge one
can see a staggered magnetic response in the longi-
tudinal direction too, i.e., a checkerboard pattern of the
total two-dimensional magnetization. There could be
several reasons for that, including (i) a staggered
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induced magnetic field along the propagation at the
band edge and (ii) interaction of induced longitudinal
electric dipoles of dielectric spheres. Both of these
conditions are met for the AFM branch near the fre-
quency w = 260 THz, which corresponds to the AFM-
like resonance of a single metamolecule (see Figure 2a)
and the band edge of the two-dimensional structure
(see Figure 3a). The numerical results for the excitation
at this particular frequency are shown in Figure 3c.
Moreover, this frequency corresponds to the crossing
of two dispersion curves, where mostly dielectric
spheres are excited, leading to strong localization of
the AFM-like response in a low-loss dielectric material.
It also results in a stronger magnetic interaction be-
tween spheres and SRRs, where the resonantly excited
longitudinal dielectric dipoles of the spheres play an
essential role in magnetization along the propagation.
In this way, the control of the mutual phase of magne-
tization becomes possible. We find that a robust
staggered magnetization pattern of dielectric spheres
in the vicinity of the AFM-like resonance of a single
hybrid element depends weakly on the periodicity
in the z-direction up to the values of D, = 600 nm
(see Figure 2a). For larger periods, the dispersion dia-
gram of the coupled systems changes significantly,
and the AFM branch shifts away from the resonant
frequency.

To estimate the propagation length of the induced
magnetization waves in such a structure, we employ
the method recently suggested in ref 33. This method
allows us to extract complex propagation constants of
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the Bloch modes based on a finite number of sample
points per period. The results are summarized in Figure 3c,
where the propagation length is inversely proportional to
the imaginary part of the corresponding wavevector,
~Im(k)~". It decays exponentially with frequency, and
the AFM-like resonance warpv = 257 THz corresponds to
six periods of the structure. At the same time, the effective
refractive index, calculated as a ratio between the real part
of the wavevector and its free space counterpart neg =
Re(knyuric)/k, becomes relatively large; nes ~ 10. It corre-
sponds to the regime with a slow phase velocity.

CONCLUSION

We have studied the optically induced interaction of
magnetic moments of hybrid metal—dielectric struc-
tures consisting of dielectric spheres and split-ring
resonators. We have revealed that each element of
such a hybrid structure exhibits a strong magnetic
response in the THz frequency range, and coupling of

METHODS

Mie Theory. The optical properties of a single dielectric
sphere can be analyzed in the framework of the Mie theory.?'
It provides full analytical insight into the problem of the light
scattering by a sphere. By using this method, the frequencies of
the electric and magnetic resonances are calculated. In contrast
to plasmonic particles, where the electromagnetic field is
negligible inside the particle and all resonances can be esti-
mated by using the Mie scattering coefficients only, the situa-
tion is completely different for dielectric particles. In the latter
case, the electromagnetic field is nonzero inside the particle,
and the accurate position of the resonances should be calcu-
lated based on the internal field enhancement for a particular
mode. Our analysis reveals that magnetic resonance takes place
when the wavelength inside the particle roughly equals the
particle's diameter.

Method of Coupled Electric and Magnetic Dipoles. We employ the
method of coupled electric and magnetic dipoles to estimate
the excitation states of the hybrid system consisting of a
dielectric sphere and SRR.® The electric and magnetic polariz-
abilities of the sphere can be obtained from the corresponding
Mie scattering coefficients. Although we are dealing with the
dielectric nonmagnetic sphere, it may support resonantly ex-
cited magnetic modes with nonzero magnetization, which will
scatter light similarly to a magnetic dipole in the far field. Thus,
in addition to electric polarizability, it allows us to assign an
effective magnetic polarizability to the dielectric sphere as well.
Under the considered excitation conditions, the electronic
response of the SRR can be neglected.

Numerical Simulations. All numerical results are obtained
using CST Microwave Studio. In our simulations, we take a Si
sphere with radius R = 150 nm and permittivity ¢ = 12.25. For
SRR we consider copper with an inner radius R; = 70 nm, outer
radius R, =75 nm, thickness h =5 nm, and gap width g =10 nm.
The choice of the material might not be optimal, and for
practical realization it is better to use some alloys of weakly
dissipating plasmonic materials, as was recently indicated in
ref 34.

The dispersion relations, the effective propagation length,
and the refractive index were retrieved by using the Bloch-
mode extraction method from near-field data in periodic
arrays.>
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two different elements leads to a strong interaction of
magnetic moments between the spheres and split-ring
resonators. On the basis of the coupled-dipole model,
we have demonstrated an important role of resonantly
induced longitudinal electric dipoles in the formation
of an AFM-like response with a staggered magnetiza-
tion below a critical separation. Arranging the hybrid
meta-atoms into a two-dimensional lattice allows
creating a hybrid metamaterial supporting staggered
magnetization in the longitudinal direction due to the
magnetic interaction between the dielectric spheres.
A weak dependence of the staggered magnetization of
the dielectric spheres on the distance between them at
the AFM-like resonance of a single metamolecule
indicates a significant contribution of the induced
longitudinal electric dipoles into the overall magnetic
interaction. We believe this approach opens novel
possibilities for the manipulation and control of artifi-
cial “antiferromagnetism” at optical frequencies.
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